The first galaxies contain stars born out of gas with little or no metals. The lack of metals is expected to inhibit efficient gas cooling and star formation 1, 2 but this effect has yet to be observed in galaxies with oxygen abundance relative to hydrogen below a tenth of that of the Sun 2-4 . Extremely metal poor nearby galaxies may be our best local laboratories for studying in detail the conditions that prevailed in low metallicity galaxies at early epochs. Carbon Monoxide (CO) emission is unreliable as tracers of gas at low metallicities [5] [6] [7] , and while dust has been used to trace gas in lowmetallicity galaxies 5, 8-10 , low-spatial resolution in the far-infrared has typically led to large uncertainties 9, 10 . Here we report spatiallyresolved infrared observations of two galaxies with oxygen abundances below 10 per cent solar, and show that stars form very inefficiently in seven star-forming clumps of these galaxies. The star formation efficiencies are more than ten times lower than found in normal, metal rich galaxies today, suggesting that star formation may have been very inefficient in the early Universe.
gions with elevated (> 3σ) emission relative to local disk backgrounds in both far-UV and 160 µm bands after smoothing images to 28 arcsec resolutions. The diffuse emission is measured by subtracting the total emission of all star-forming clumps in the disk from the integrated disk emission. For Sextans A, we also identified several individual diffuse regions that show extended emission in 70 and 160 µm bands but with surface brightness below 3σ of local disk backgrounds. In order to derive the dust mass, including both diffuse and clumped components, we fit the IR SED with a standard dust model 20 . The best-fit SEDs are shown in Fig. 2 , and derived dust masses are listed in Table 1 .
With spatially resolved dust and HI maps, the total gas masses of individual star-forming clumps can be derived by multiplying their dust masses with the appropriate GDR based on regions with little or no star formation. As is usually done for nearby galaxies 7, 15 the GDR in the star-forming clumps is taken as the ratio of atomic gas to dust in the diffuse region of the disk. This works because (1) the atomic gas dominates the total gas mass in the diffuse regions, and (2) the GDR is roughly constant in star-forming disks after removing the metallicity gradients 15, 21 . Dwarf galaxies in general show little or no metallicity gradients across their disks 22 , including Sextans A, which has a variation of less than 0.1 dex 12 . Table 1 lists the derived gas masses of individual star-forming clumps corrected for inclination based on the GDR of the integrated diffuse emission (GDR=1.4×10 4 for Sextans A and 4,400 for ESO 146-G14). For Sextans A, three individual diffuse regions have similar GDR's that are only a factor of 1.5-2 lower than the one derived from the integrated diffuse emission. Adopting the GDR of 140 at the solar metallicity 20 , our derived GDR of diffuse regions of two galaxies scales roughly with the metallicity as 1/Z 1.5−1.7 . For each star-forming clump, the star formation rate (SFR) is estimated by combining the FUV-based (unobscured) and 24µm-based (obscured) SFRs 23 . The uncertainties in the derived gas masses and SFRs are estimated to be around 0.3 dex and 0.2 dex, respectively. Figure 3 shows the distribution of seven dusty star-forming clumps in the plane of SFR surface densities vs. total gas mass surface densities, compared to spirals and merging galaxies 3, 24 . In sharp contrast to deriving the gas surface density from the HI gas alone (open symbols in the figure), when using the dust to estimate the total gas, the metal-poor star-forming clumps appear to have significantly lower star formation efficiencies (SFEs) compared to those found in metal-rich galaxies, or those derived for the clumps using the HI gas alone. Four extremely metal poor clumps in Sextans A show almost two orders of magnitude lower SFEs compared to spirals when measured over the similar physical scales. This result still holds if we adopt a GDR of individual diffuse regions, which causes the gas densities only drop by 0.2-0.3 dex. For ESO 146-G14, one star-forming clump shows significantly (100) lower SFEs and the remaining two have SFEs about a factor of 10 lower than spirals at sub-kpc scales and similar gas densities. If any dark molecular gas is present in the diffuse region, the derived SFEs would be even lower. For our seven metal poor clumps as a group, the K-S test indicates a probability of only 10 −4 that their SFRs have 3 * Major and minor axis lengths are given in arcsec and kpc. † The atomic gas to dust mass ratio. The atomic gas includes Helium by multiplying HI gas by a factor of 1.36. ‡ Surface densities of total gas masses for star-forming clumps are derived from their dust masses multiplied with gas-to-dust ratio of the integrated diffuse emission, with the inclination correction based on the defined disk ellipse. ¶ Surface densities of SFRs are derived from the combination of IR and far-UV tracers 23 , with the inclination corrected based on the defined disk ellipse. the same distribution as the SFRs of spiral galaxies at comparable gas densities.
As illustrated in Fig. 3 , the derived dust-based gas masses of individual clumps are much higher than the atomic gas masses, indicating high molecular gas fractions. By subtracting the observed atomic gas from the derived dust-based gas mass for our seven starforming clumps, we find that the derived molecular gas mass is on average ∼ 6 times larger than the atomic gas mass. For the star-forming clumps, the median and standard deviation of the molecular SFE is log(SFEH 2 [yr −1 ]))=-10.8±0.6. The corresponding molecular gas depletion time in logarithm is log(τ
. This is much larger than the typical depletion time at sub-kpc scales of local spirals or dwarfs with oxygen abundance above 20% solar which is about log(τ 3, 4 . Therefore star formation is strongly suppressed in the clumps, whether the star formation is scaled by total gas mass or by molecular gas mass alone.
Although models 1, 2, 4 of metallicity regulated star formation predict significantly reduced SFEs at our metallicities as illustrated in Fig. 3 , the gas in the models is nevertheless mainly atomic, in contrast with our findings. The low SFE in the model is caused by a greatly reduced formation of molecular gas on the surface of dust grains 2 or possibly tied to enhanced heating of the atomic gas 4 . On the other hand, if we increase the depletion time of molecular gas in the models by an order of magnitude to ∼ 20 Gyr, the gas in the model is still mostly atomic at our observed gas densities. Studies 25 of HI dominated (by assuming low molecular gas fractions) dwarf galaxies suggest that their SFEs are not significantly lower than spiral galaxies. Our results extend these previous findings to lower metallicity, and suggest high molecular gas fractions do exist in star-forming clumps of extremely low metallicity.
The nature of this excess dust-based gas mass is still unclear. This gas is most likely in the molecular phase as the cold HI should be detected by 21 cm observations. If it is cold molecular gas, there should be associated CO emission. Extended Data Table 6 lists the predicted CO flux for these metal poor star-forming clumps by assuming the COto-H2 factor, αCO=500 M⊙ pc −2 (K km s −1 ) −1 , which is appropriate for regions of such low metallicity. It should be noted however, that there is large uncertainty in this value 6 . Region "sf-3" in Sextans A does indeed have mm-wave observations 26 . Accounting for a filling factor of one third of dust emission in the CO beam, we estimate a 3-σ upper limit to the CO flux that is about a factor of three above our predicted value. Therefore much deeper mm observations would be needed to detect the CO emission from the excess cold molecular gas in Sextans A. It is unclear what mechanisms prevents this abundant molecular gas from forming new stars. It is possible that the molecular gas does not effectively cool due to intense radiation fields, slowing the SFRs in these environments. Warm H2 gas with surface densities as high as 50 M⊙/pc 2 is seen in some blue compact dwarfs 27 . Although our two galaxies are not blue compact dwarfs, the SFR surface densities of the star-forming regions in our galaxies are comparable to those found in blue compact dwarfs. This similarity suggests the possible presence of abundant warm H2 in our two extremely metal poor galaxies. The Extended Data Table 6 also lists the predicted H2 S(1) 17.03 µm line flux based on the example of Mrk 996
27 . There is archived Spitzer spectroscopic observations of the region "sf-3" of Sextans A. Based on the archived reduced data, after accounting for the difference between the Spitzer aperture and the size of our "sf-3", the observed H2 17.03 µm flux is about 4x10 −16 W/m 2 , a factor of two lower than our predicted value.
The extremely metal poor galaxies may provide a close-up view of the highly inefficient star formation occurring in galaxies in the early Universe where Population II stars form out of gas whose metallicity is 1/10 Solar or less 14 . The suppressed SFEs in extremely low metallicity galaxies at early epochs may be able to reconcile some tensions be- tween observations and theoretical models for early galaxy evolution 28 .
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METHODS

Observations and data reduction
Herschel infrared images were generated through scan map modes at 70 and 160 µm with PACS, and small map modes at 250, 350, and 500 µm with SPIRE (PI: Y. Shi, PID: OT2 yshi 3). The half power beam widths at these wavelengths are about 5 ′′ , 12 ′′ , 20 ′′ , 28 ′′ and 39 ′′ , respectively. The mapping field size at each band is set to be at least 1.5 times the optical size D25 of the galaxy where D25 is the Bband isophote at 25 mag arcsec −2 , which is large enough to provide blank sky for sky removal. Excluding overheads, the effective integration times per sky position in two PACS bands are 1.9 hr and 1.6 hr for Sextans A and ESO 146-G14, respectively, and in three SPIRE bands is 6 min for the two targets. For Sextans A at 160 µm, additional Herschel archived data (PI: D. Hunter) with similar exposure time to ours were further combined with our own observations. The data reduction was performed with unimap version 5.5 29, 30 with procedures basically following the standard one. To better recover the extended emission, the GLS map maker starts with the zero map and the length of median filter for the PGLS algorithm is set to be twice the default value (=60). of ESO 146-G14 were used to compared to our PACS measurements.
Unimap is a Matlab-based
Herschel data processing software. Unimap takes as input the level 1 pipeline data as produced by Herschel Standard Product Generator (Version 11.1.0 for this work) and identifies signals in time ordered pixels. After removing glitch and drift, the final maps were made with pixel scales of 1 ′′ , 2 ′′ , 4 ′′ , 6 ′′ and 8 ′′ at 70, 160, 250, 350 and 500 µm, respectively
Infrared flux measurements
Our Herschel flux measurements start with aperture definitions followed by sky subtractions. As shown in Extended Data Fig. 1 , the aperture of the star-forming disk of each galaxy is defined as an ellipse to closely follow the 10 σ contour above the sky of the far-UV image, corresponding to surface brightness levels of 25.9 and 26.2 mag arcsec −2 (AB magnitude) for Sextans A and ESO 146-G14, respectively. The results of this study change little if 5-σ or 20-σ contours were used to define the disk aperture. Within each star-forming disk, star-forming clumps are defined as circle regions showing both elevated (> 3-σ) far-UV and IR emission at 160 µm after convolving two images to resolutions at PACS 350 µm (28 arcsec). Here the σ is the standard deviation of pixel values within the star-forming disk. The clump radius is listed in Extended Data Table 1 . For Sextans A, we also identified three individual diffuse regions that are below 3-σ local backgrounds but show extended emission at 70 and 160 µm resolutions. Within the disk, IR point sources that do not have corresponding far-UV counterparts are identified as background sources rather than star-forming regions in the disk, since none of the identified clumps has IR/far-UV flux ratios smaller than about 0.2.
The sky annuli were defined to be between 1.1 times and 1.5 times the disk aperture. The mode of the sky pixel brightness distribution is subtracted from the image in each case. However, since faint, undetected background sources can make the noise distribution nonGaussian, we also test the validity of our results by subtracting off the mean value of the sky after masking out bright sources in the sky annuli.
In total, we derive three types of flux measurements for each region as listed in Extended Data Table 1 . For the first, referred to as m1, we use the mode of the sky brightness after masking off all potential background sources in the disk. For the second, referred to at m2, we again subtract off the mode of the sky distribution, but treat the suspected background sources as embedded star-formation regions in the disk. For the third, referred to as m3, we first mask out all potential background sources, then subtract the mean of the sky pixels. All potential background sources and bright sources within the sky annuli are identified through sextractor 34 with further visual checks. We use the first flux estimates, m1, as the fiducial for the analysis presented here.
For images at each wavelength, aperture photometry was performed after subtracting the sky background. The aperture corrections were further applied at each wavelength based on the corresponding point spread function at that wavelength. Diffuse emission within the disk is measured as the residual after subtracting the flux from all identified star-forming clumps. The result is presented in Extended Data Table 1 where each region has three measurements detailed above, referred as m1, m2 and m3 measurements.
The flux measurements in the Spitzer band were carried out in a similar way to the Herschel m-1 method and the result is listed in Extended Data Table 2 .
Infrared flux uncertainty estimates
The Herschel flux uncertainties are given by the following formula σ = (σ (1) , where Aregion and A sky are the area of target regions and sky annuli, respectively. σ photon,confusion is the scatter of the sky pixel brightness distribution. Extended Data Table 3 compares our measured σ photon,confusion to the predicted photon and confusion noises estimated using the Herschel Observing Tool (HSPOT) for our targets. The noise in our images is consistent with the quadratic sum of the HSPOT photon and confusion noise to within a factor of two. The second term in the above equation gives the scatter of the derived sky brightness. σ PSF−offset is the flux uncertainty caused by the accuracy in positioning an aperture onto a given star-forming clump. For each star-forming region, we estimated this by randomly offsetting the peak of a modelled PSF to 1/2 the Nyquist sampled beam and measuring the flux variation within the given source aperture. The final term is the absolute flux calibration error taken to be 20% across all wavelengths based on the PACS and SPIRE instrument handbooks as well as systematic comparisonss [35] [36] [37] [38] between PACS and MIPS measurement. Extended Data Table 1 listed the quadratic sum of the first three errors. The final error term is added in quadrature when doing the SED fitting but not used in Extended Data Table 1 as it is a systematic error of the Herschel Space Telescope. Our estimated errors are quite reasonable compared to the expected point source flux errors from HSPOT (also listed in Extended Table 3 ). Note that although in the SPIRE bands the confusion noise is 2-3 times higher than the photon noise, this can be mitigated by using a PACS 160-micron prior on the position 39 . We can further compare our noise estimates to those from other Herschel observations of similar depth. For example, the Herschel lensing survey 40 reported a 1-σ point-source depth of 2.4 mJy at 250 µm and 3.4 mJy at 350 µm for on-source exposure per sky position of 36 mins with position priors from short wavelengths, compared to our 2-4 mJy at 250 µm and 3-5 mJy at 250 µm for our 6-10 mins on source exposures.
We further carried out additional checks on the measured flux by comparing Spitzer and Herschel photometry. For Sextans A, we found that individual star-forming clumps as well as the diffuse region have 70 µm Herschel fluxes consistent with Spitzer measurements within 30%. And the integrated light of Sextans A and ESO146-G14 at both 70 and 160 µm are also consistent within 30% between the Spitzer and Herschel data-sets.
To check the possibility that the diffuse emission is due to the background fluctuations or not. We randomly position the source aperture over the observed field of view, and then compared the measured fluxes to the quoted error of the target diffuse emission. For ESO 146-G14, we can randomly position about 30 apertures and found that none of them have S/N larger than 3 at bands where the diffuse emission is detected. For Sextans A, the observed field of view is not large enough for us to perform similar exercises.
IR SED fitting and dust mass measurements
We fit the infrared data with the dust models 20 in order to estimate the dust mass of each region. As shown above, we have three types of flux measurements, and fit all three with the dust model. We choose a Milky Way grain size distribution 20 and fix the PAH fraction to the minimum (the total dust mass that is in PAHs qPAH=0.47%) given the low metallicity (the result does not change if this parameter is set free). To further check the effect of different dust grains, for the first type of flux measurements (m1), SMC and LMC dust grains that have different grain compositions and size distributions are also explored. Overall we thus have five dust mass measurements for each region, three of them are for different types of flux measurements with Milky Way grains (referred as m1-MW, m2-MW, m3-MW), two are for two different grain size distributions fitted to the first type of flux measurements (m1-SMC and m1-LMC).
In the following we take the m1-MW as an example to illustrate the fitting procedure. The results are plotted in Fig. 2 and listed in Extended Data Table 4 . To do the fit, a 4000 K black-body spectrum was first added to represent the emission from stellar photospheres which dominates at < 10 µm. The model was then left with four free parameters, including the dust mass, the minimum (Umin) and maximum intensity (Umax) of the stellar radiation field that is responsible for heating the dust and the fraction (1-γ) of dust exposed to the minimum starlight intensity (i.e. Umin). Similar to studies of dust emission in spirals 15 , Umax was further fixed to the maximum of 10 6 . We then performed SED fitting with three free parameters for Sextans A and ESO 146-G14.
As listed in Extended Data Table 4 , the reduced χ 2 for the majority of the fits have values of around unity, while sf-1, sf-2 and diff-3 of Sextans-A have reduced χ 2 around 10. As shown in Fig. 2 , the 160 µm photometry of sf-1 and diff-3 shows large deviations from the best fit, while 24 and 70 µm photometry of sf-b deviates largely from the best fit. Uncertainties in the derived dust mass were estimated by performing 100 fits to each source after adding in Gaussian noise.
We also carried out simple modified black-body fitting to IR SEDs of Sextans A and ESO 146-G14 that have enough far-IR photometric data points. As listed in Extended Data Table 4 , the dust temperature of star-forming clumps is between 30 and 50 K while the dust in the diffuse region is about 30-40 K.
Measurements of SFR and gas mass surface densities
The SFRs of star-forming clumps were measured by combining the FUV and 24-micron data, which represent the unobscured and obscured star-formation, respectively 23 . The derived SFRs are uniformly assigned a 0.2 dex error to account for the systematic errors in deriving SFRs from UV and IR photometry (the photon noise is comparatively small). The SFR surface density is further corrected for the inclination based on the defined disk ellipsity. The final result is listed in Table 1 .
With derived dust masses, we estimated the GDR of the diffuse region as the ratio of atomic to dust mass. The GDR of the integrated diffuse region is then applied to individual star-forming clumps to derive the total gas mass and thus the gas mass surface density (Σgas). Extended Data Table 5 lists the result for five fits that are m1-MW, m2-MW, m3-MW, m1-SMC and m1-LMC. The associated uncertainties of Σgas are the quadratic sum of errors of dust mass measurements, errors of GDRs of diffuse regions contributed by uncertainties on HI and dust mass estimates of diffuse regions, 0.2 dex for the GDR variation across the disk based on studies of spiral galaxies 15 . The result of the m1-MW fit is used as a fiducial, as listed in Table 1 and shown in Fig. 3 . Our conclusions of significantly reduced SFEs in seven metal poor star-forming clumps change little if adopting other fitting results in Extended Data Table 5 . In addition, there are some concerns that the PACS may miss some extended emission, although this is not seen by our comparisons to Spitzer and in investigations by others [35] [36] [37] [38] . To test this effect, we artifically increased the PACS fluxes of the diffuse emission by 30% while keeping the SPIRE fluxes as they were, the resulting surface densities of gas masses of star-forming clumps drop by no more than 0.1 dex. In additiona, three individual diffuse regions of Sextans A has similar GDR, only a factor of 1.5-2 lower than that of the integrated diffuse emission, indicating that our GDR estimate is reasonable.
We investigate if the derived Σgas can be significantly lowered by forcing changes in dust model parameters, specifically raising Umin which can result in lower dust masses and hence lower gas surface densities and higher star formation efficiencies. In the following discussion, we take the m1-MW fit as the case study. For both targets, the best-fit Umin of all regions are relatively small. We thus keep the best-fit Umin for the diffuse region but gradually increase Umin of starforming clumps to decrease their Σgas. We find that the star-forming clumps in Sextans A can move into the spiral galaxy regime of Fig. 3 if the Umin rises above 20. However, in this case the corresponding chisquared rises to 40-60. For star-forming clumps in ESO 146-G14, the Umin needs to be larger than 15 to move into the spiral regime however these fits are again poor, with chi-squared values of 10-30. Therefore the significantly reduced SFEs of star-forming clumps in Sextans A and ESO 146-G14 should be robust to the change in their Umin. 
